The purpose of this research is to provide a new algorithm for fixing the three-dimensional kinematic reference frame of space geodetic stations in which only vertical components of quasi-stable site velocities for every X , Y , Z direction are used. This KRF does not depend upon any geological model and, thus, is free from the hidden errors coming from the uncertainties of the reference plate motion model, errors in survey data of selected sites as reference stations and the misfit between the measurements and the model predictions. The method has been applied to the VLBI data collected during the period from 1979 to 1997 analyzed by NASA. We have used for the analysis the estimated rate of change of 340 baseline vectors between 59 VLBI sites. As it is clear from our numerous experiments, this algorithm gives a fairly stable results which are in a good agreement with the NUVEL-1 NNR plate motion model if we include for fixing of KRF even a few sites (15-20 points). In the worst case our results obtained using various criteria for selection of quasi-stable sites have 1 mm/yr level agreement for all sites in the horizontal and vertical directions. The agreement of our results and the NUVEL-1 NNR model is on the order of a few millimeters per year in each coordinate. The largest discrepancies reach 20 mm/yr in the sites close to the plate boundaries. The uncertainties of vertical direction do not exceed 1 mm/yr for half of the sites. As a final result, we do not find any clear evidence suggesting the change of Earth's radius, which is considerably less than 1 mm/yr.
Introduction
Many of the former studies of tectonic plate motion and Earth deformation have been done using the threedimensional kinematic reference frame (KRF) of Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR) and/or Global Positioning System (GPS) geodetic stations tied to a geological plate motion model. As is well known, very often such an approach leads to rather large changes of the site velocities depending on which system of chosen geodetic sites for KRF was constrained in its estimation (Robbins et al., 1993; Heki, 1996) . This is due to the hidden errors coming from the uncertainties of the reference plate motion model, ignoring errors in the survey data of selected sites as reference stations and the misfit between the measurements and the model predictions (Heki, 1996) . These effects can be seen in the results of computation made by different authors who are using various approaches for selection of reference stations with fixed velocity components to a priori values. For example, Ma et al. (1994) fixed the horizontal velocity of Westford (Massachusetts) and the change in direction of the vector from Westford to Richmond (Florida) to values predicted by the NUVEL-1 NNR plate motion model (Argus and Gordon, 1991) . Additionally they fixed the vertical movements of Westford, Richmond and Kauai (Hawaii) to zero. Fallon and Dillinger (1992) fixed the sum of all velocities and the net angular momentum to Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. zero in order to provide a minimally constrained adjustment and then they rotated and translated the network in order to minimize the difference between the geologic model and the geodetic velocities determined by VLBI. Heki (1996) used 16 reference stations located in stable plate interiors which were defined as areas more than 500 km from the nearest plate boundary. He applied a small "translation and a rotation for the entire network in a threedimensional space so that the differences in the "horizontal" velocities between the VLBI observations and the model predictions are minimized".
Other authors used in principle the same approaches to establish the KRF: all of them tied to a geologic plate motion model. But any geologic model is based on a geological record spanning the last few million years and does not essentially fully reflect the plate motion at the present instant.
It is possible too that the velocity of a particular site reflects a regular deformation of the underlying plate, especially near a plate boundary. These effects would mean that such a KRF is not free from plate model errors and depends on the unpredicted movements of plate fixed stations (random and systematic measurement errors). Another question arises from a possible inadvertent bias resulting from a non-uniform station distribution on each plate.
Unlike some other formulations we have proposed an approach to fix the KRF which does not use any geologic plate motion model. We are using only space geodetic data by itself. More than that we are using only vertical components of velocities which do not exceed a small chosen bound.
Algorithm
As well known in order to fix the KRF by geodetic data we must solve the set of observation equation
with the set of constraints
where L is a vector of observations (rate of change of baseline vectors), A is a design matrix, δ X is a vector of unknown velocities for each station of geocentric cartesian coordinate X , Y , Z and V is a residual vector. The choice of the set of constraints (2) implies the definition of reference frame. In Eq. (2) vector C is a vector of known constants and matrix
where matrix G T being the known eigen vectors to the zero eigen values of the normal matrix N = A T P A, P is a weight matrix. The matrix I B is a "unit" matrix in which the diagonal elements are equal to zero for those parameters which do not affect the choice of the KRF.
The main shortcomings of such an approach are mentioned in the introduction. In this study we offer to use instead of constraints (2) a constraint
where the vector δ X H includes only vertical components of vector δ X and vector C = 0. But the constraint (4) are inconsistent with Eq. (1). That's why we introduce the unknown matrix B H and transform the Eq. (4) to the form
Now let for i-th point of the geodetic net the formula
where
is the matrix of transformation from topocentric coordinate
T , dx i , dy i and d H i are the north, east and up component changes, B and L are the geodetic latitude and longitude (here and below the index i is omitted). The Eq. (6) leads to the equation
where sub-vector δ X H,i includes only vertical components of sub-vector δ X i and matrix
or taking into account (6) we have an equation
where matrix S i = C T H,i C i . Substituting (8) to Eq. (4) we have the matrix
where the quasi-diagonal matrix S is composed of the blocks S i . If for some point we put S i = I (unit matrix), all three X , Y , Z full components of this point will take part in the establishment of the KRF. The final set of equations can be written as
Numerical Example
The foregoing algorithm has been applied to the VLBI data obtained during the period from 1979 to 1997 analyzed as NASA Goddard Space Flight Center's VLBI terrestrial reference frame solution number 1102g, August 1998 (Ma and Ryan, 1998) . This solution gives three sets of rates of change between each pair of two stations under consideration. These quantities are the length, transverse and "vertical" rate of change which were used here in order to obtain three-dimensional KRF of VLBI stations. The combination of the VLBI, SLR and GPS data would improve the accuracy of the KRF but the main aim of our study is only a matter of demonstration of applicability of our algorithm.
The 340 baseline vectors connecting 59 stations were used to calculate station motion. The choice of the quasi-stable points can be found in a process of successive re-adjustment of the network and a subsequent analysis of its results. It should be noted that it is necessary to use as many reference stations as possible in order to dilute the risk of degradation of the results by unexpected movements. We assume that a point of the network is quasi-stable if the change of its height does not exceed a few mm/yr. We have used |d H| < 5 mm/yr. Under this condition 45 quasi-stable stations were selected in order to fix the KRF. Table 1 lists these stations and their topocentric velocities with the NUVEL-1 NNR and VLBI-SLR horizontal velocities obtained by Robbins et al. (1993) . The last allows us both to compare our solution and to determine its quality. Unfortunately, our network and the others are not identical. That is why the Table 1 contains not all data but only available for those existent identical stations. The KRF that was adopted by Robbins et al. (1993) is defined by NUVEL-1 NNR modeled horizontal velocities for three stations located on North American plate.
The remaining 14 free stations and their information are listed in Table 2 .
Despite of the fact that the Robbins et al. (1993) velocities are not directly comparable to ours because their velocities are derived from essentially another data set and used different processing procedures, we can see fairly close agreement between the two horizontal velocity sets, all of which agree to better than ∼8 mm/yr. The agreement of our solution and the Robbins et al. (1993) solution with the predictions of NUVEL-1 NNR model are essentially worse but in the most cases are better than 10 mm/yr, but we can see for both solutions differences as large as ∼20 mm/yr. It is possible that such large differences are caused by unmodeled movements of particular sites close to the plate boundaries. The residuals of horizontal velocities between our solution and the NUVEL-1 NNR model are the same order as obtained by Heki (1996) . From this comparison we can say that the site velocities are determined more reliably by space tracking data than by geological information. All the more that the lesser difference of our results and those obtained by Robbins et al. (1993) permit us to assume that the KRF can be fixed exclusively using space-based information itself. If it so, it will give for us a way independent of any plate model for fixing KRF.
In any case in the future we must investigate this approach more carefully because it may be possible to look at some new aspects of global and regional plate tectonic processes.
Our numerical experiments indicate that the proposed algorithm is sufficiently robust to the choice and quantity of quasi-stable sites. For example, if we had varied the criterion |H | < 5 mm/yr from 5 mm/yr to 1 mm/yr, the alterations of all topocentric velocities changed < ∼0.5 mm/yr with 18 quasi-stable points instead of 45.
It should be noted that the fixing of the KRF by a small number of quasi-stable points leads to an increase in the variances of coordinate rates, especially if all points are located on the one area. It also leads to ill conditioning of the normal equations. For example, when we fixed the KRF by 18 sites on the North American plate, the variances of rates increased in 4-5 times compared with Tables 1 and 2. Most of the listed mobile stations in Table 2 have significantly greater errors than the quasi-stable stations listed in Table 1 , especially in vertical movement. It is caused by insufficient data. As a whole, half of the vertical movements have a precision better than 1 mm/yr so that postglacial rebound might be detected by space-based data.
The precision of horizontal movement is better than the vertical. More than half of stations have 1 mm/yr level of error and the remaining are <2 mm/yr level, except for site MARCUS for which the errors in horizontal movements are <2.6 mm/yr.
Using an algorithm from Gerasimenko (1994 Gerasimenko ( , 1997 , as a final result we have found that the most likely change of the Earth's radius is −0.14 mm/yr with estimated error ±0.18 mm/yr. The change of the Earth's radius from the changes in the lengths of 340 baselines corresponds to (0.48 ± 0.09) mm/yr. The last value was calculated by the algorithm from Gerasimenko (1997) . The above obtained values are in a fairly good agreement with the reduction rate of the Earth's radius (−0.6±2.5) mm/yr obtained by Takahashi (1994) and the values (−0.94 ± 0.35) mm/yr and (−0.01 ± 0.04) mm/yr obtained by Lutes (1996) . As a whole it is considered that the rate of change of the Earth's radius does not exceed than 1 mm/yr.
Conclusion
The approach used in this study to calculate individual station velocities made it possible to look at some new aspects of global and regional tectonic processes. By using only space-based data it is possible to obtain a KRF completely independent from any plate motion model. On the contrary, it is possible to verify such plate model as NUVEL-1 NNR using only geodetic information itself.
The errors in the estimation of station motions were less than 2 mm/yr and more than half of stations have ∼1 mm/yr level of error.
As a final result, we do not find any clear evidence suggesting the change of Earth's radius, which is considerably less than 1 mm/yr.
